A number of studies evaluated predictive value of endothelial damage markers on outcomes of allogeneic hematopoietic stem cell transplantation (alloHSCT), but they were rarely measured in combination and with long follow up. In this study we evaluated predictive value of vascular endothelial growth factor (VEGF) and circulating endothelial cells (CEC) on early and late non-relapse mortality (NRM). Given the known negative prognostic impact of VEGF expression in hematologic malignancies undergoing chemotherapy, the second goal was to access impact of VEGF level on relapse incidence after alloHSCT. Level of VEGF was analyzed in 91 consecutive patients before the start of conditioning, on day 0 and on the day of engraftment. CEC were measured in 55 consecutive patients from the same study group at the same time points. Both VEGF and CEC were predicted early, but not late NRM. High level of VEGF on day 0 in multivariate analysis was associated with increased 1-year NRM (55% vs 22%, HR 3.15, 95%CI 1.34-7.40, p=0.009), while high level of CEC before conditioning was associated with increased 1-year NRM in univariate (69% vs 20%, p=0.001), but not multivariate analysis (95%CI 0.84-5.76, p=0.102). High VEGF A level before conditioning was associated with increased 1-year relapse rate (55% vs 22%, p=0.001, HR 3.15, 95%CI 1.34-7.40), but had no impact on late relapses and 3-year overall survival (50% vs 42% respectively, p=0.60), as a large proportion of patients were successfully salvaged after relapse. CEC were not a significant prognostic factor for relapse (p=0.09). No correlation was found between VEGF and CEC at any time point (p>0.05), indicating that they may represent different aspects of endothelial dysfunction. In conclusion, VEGF and CEC are valuable biomarkers to predict early NRM, and VEGF is also a predictive factor of early relapse after alloHSCT.
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Introduction
Allogeneic hematopoietic stem cell transplantation (alloHSCT) is an effective treatment for a number of hematologic malignancies and non-malignant disorders, but it is associated with significant non-relapse mortality (NRM). Recently, a number of studies emphasized the role of endothelial dysfunction in such life-threatening complications of alloHSCT as graft-versus-host disease (GVHD) and veno-occlussive disease (VOD). The concept of endothelial injury in alloHSCT is not new, in 1996 Testa S et al., reported association between level of thrombomodulin, an endothelial damage marker, and GVHD, VOD and septicemia [30] . Since then the role of endothelium in acute alloHSCT complications were predicted to be more complex. On the one hand, neovascularization of bone marrow, skin and gastrointestinal tract is presiding event to acute GVHD, and it is associated with increased level of vascular endothelial growth factor (VEGF) [13, 17, 21] . On the other hand, endothelium is damaged by conditioning and calcineurin inhibitors, which leads to increased incidence of microvascular complications, infections and non-relapse mortality [8] . Also it was proposed that not the overwhelming T-cell alloreactive cytotoxicity, but severe endothelial dysfunction is responsible for steroid-refractory form of acute GVHD [14] . These multiple roles of endothelium in complications of alloHSCT make endothelial damage markers an attractive tool to predict prognosis.
Furthermore, neovasculogenesis and its key regulator VEGF were found to play an important role in pathogenesis of hematologic malignancies. VEGF A expression was associated with altered morphology and increased vascularization of the bone marrow in myeloproliferative disorders [2, 10] . Also it was demonstrated that increased level of VEGF A is associated with worse outcome of chemotherapy in patients with acute myeloid leukemia [1] , chronic myeloid leukemia [34] , acute lymphoblastic leukemia [5] , myelodysplastic syndrome [33] and different types of lymphoproliferation [6, 11, 25] . Apart from VEGF, level of circulating endothelial cells (CEC) was also found to predict prognosis in patients treated with chemotherapy for acute myeloid leukemia [35] . The significance of this negative prognostic factor was not established in recipients of alloHSCT.
A number of endothelial damage was studied in alloHSCT patients. The principal groups are adhesion molecules (ICAM, VCAM etc.), VEGF, CEC, von Willebrand factor, thrombomodulin and anti-coagulants, which are rapidly depleted in cases of extensive endothelial injury (protein C, antithrombin III etc) [8] . Among all these markers for the present study we selected VEGF A and CECs, because they are increased both in situation of endothelial injury and tumor-associated neovasculogenesis, and thus, may have a prognostic significance for both early complications after alloHSCT and relapse of the underlying hematologic malignancy.
Previously, we have reported a predictive value of VEGF A for early non-relapse mortality and relapses after alloHSCT [20] and a diagnostic significance of CEC level for VOD [19] .
In the present study we evaluated predictive significance of VEGF and CECs for short-and long-term outcomes of alloHSCT and association between these two endothelial damage markers.
Patients and methods Patients
The study was based on the blood samples and hospital records of 91 consecutive adult patients with hematologic malignancies undergoing HSCT in R.M. Gorbacheva Memorial Institute of Children Hematology and Transplantation. Samples for the study were collected prospectively between 2010 and 2012. The study was approved by the Ethical Committee of I.P. Pavlov State Medical University and informed consent was received from all patients for blood collection.
73% of patients had acute leukemia, 10% chronic myeloid leukemia, 8% myelodysplastic syndrome and 9% other hematologic malignancies. Median age was 38 years (range 18-60), median performance score and modified EBMT risk score [12, 29] were 1 (range 0-3) and 4 (range 1-6) respectively. 30% were grafted from related and 70% from unrelated donor. 24% received myeloablative conditioning, and 76%, underwent a reduced intensity conditioning. Myeloablative conditioning included 16 mg/kg oral busulfan and 120 mg/kg cyclophosphamide. Reduced-intensity conditioning was based fludarabine 180 mg/m 2 and 8 mg/kg busulfan or 140 mg/m 2 melphalan in case of previous busulfan-based conditioning or anamnesis of neurological disorders. Acute GVHD prophylaxis consisted of calcineurin inhibitor (tacrolimus in 81% of patients) and short-course methotrexate. Antilymphocyte globulin (Atgam, Pfizer, NY, USA) 60 mg/kg was used for unrelated grafts. All but two patients received single allogeneic graft. Ten patients had previous autologous transplantation. Detailed patient characteristics are given in table 1. VOD prophylaxis with fixed-dose heparin was performed in all patients.
The staging and grading of acute GVHD were performed using the modified Glucksberg consensus criteria [24] and occurred at the time of initiation of treatment. VOD was diagnosed clinically according to the modified Seattle criteria extended until day +30 after HSCT, which required the presence of at least two of the following three clinical findings: jaundice with bilirubin>34 µmol/l, painful hepatomegaly and fluid retention >5% of the body weight. VOD was classified as severe in presence of multi-organ failure.
Laboratory methods
Venous blood was collected using EDTA anticoagulant from the central venous catheter before the start of conditioning, on the day of SCT (day 0) before graft transfusion, on the day of engraftment and additionally on the day of VOD diagnosis.
For VEGF A analysis, the blood samples were centrifuged for 15 minutes at 1000 g and the plasma aliquots were stored in polypropylene tubes at -80ºC until the day of the assay. Measurement of VEGF A concentrations in plasma samples was performed by enzyme-linked immunosorbent assays (ELISA) using commercially available kits (eBioscience, CA, USA) according to the instructions of the manufacturer. The CTT JOURNAL | VOLUME 4 | NUMBER 1-2 | AUGUST 2015 REGULAR ARTICLES detection limit was 7.9 to 1000 pg/ml. Concentrations were determined without knowledge of clinical data.
Measurement of CEC was performed within 2 hours from the blood collection. Peripheral blood samples were processed by lysing buffer (BD Pharm Lyse, BD Biosciences). Cell-surface triple staining was performed with fluorochrome-labeled monoclonal anti-human mouse antibodies incubated for 20 minutes at room temperature. The following antibody combination was used: CD31-FITC, CD146-PE, and CD45-PerCP (Becton Dickinson, San Jose, CA,U-SA). Data acquisition and analysis were performed by using BD FACSAria II flow cytometer and BD FACSDiva software (Becton Dickinson). For CECs measurement at least 1 million events was acquired. To exclude platelets, dead cells, and microparticles, the FSC/SSC plot was used. CECs were identified as CD45-negative CD31-bright positive CD146-bright positive (CD45-/CD31bright/ CD146bright) [16] .
Statistical analysis
Experimental and clinical data were analyzed using SPSS Version 17.0. Chi-square and Wilcoxon criteria were used for univariate non-parametric analysis. Kruskal-Wallis test was used to determine the effect of pre-transplant therapy on the level of endothelial damage markers before conditioning. Kaplan-Meier survival analysis and Log Rank test were used for univariate survival, transplant-related mortality and cumulative incidence of relapse comparisons. Multivariate analysis was performed using Cox regression. Multivariate models were built with the use of stepwise forward selection, using a p-value ≤0.01 to include variables in the model. Proportional-hazards assumption was tested for each variable individually, all variables met this assumption. Separate models were created for assessment of CEC predictive value, since they were measured only in 55 consecutive patients. Cut-off levels of VEGF for survival analysis were determined based on ROC curves. Results of VEGF measurement at dif- Laboratory samples were collected within 30 days after transplantation and then patients were followed-up for survival and relapse. Median follow-up was 895 days (range 135-1364). NRM was defined as the cumulative incidence of death from the date of transplant not related to the relapse and its subsequent treatment. Even-free survival (EFS) was defined as the time from the date of transplantation to the documented event (relapse or death).
Results

Clinical outcomes
Engraftment was achieved in 90% of patients, 10% had either primary graft failure and/or progressive disease. Threeyear overall survival (OS), EFS and NRM in the whole group were 44%, 35% and 34% respectively. Three -year cumulative incidence of relapse was 31%. VOD was diagnosed in 14% (n=13) of patients, severe VOD-in 10%. Median day of VOD diagnosis was 13 (range 6-21). Acute GVHD grade 1-4 was diagnosed in 54.4% of patients, grade 3-4 GVHD in 20.9%.
Selection of the optimal time points and cut-offs
The ROC curve analysis was performed to determine the time points of alloHSCT with highest predictive value for NRM and RR. The analysis separated early events (within 1 year after alloHSCT) and late events (after 1 year). The analysis for late relapses was not performed since there was only single such event in the study group. The results for VEGF A and CEC are presented in table 1. Relapse incidence after one year n.a n.a n.a Relapse incidence after one year n.a n.a n.a
Non-relapse mortality after one year 0.54 0.35 0.00 n.a.= not applicable Table 1 . ROC areas under the curves for predictive value of VEGF A and CECs
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VEGF A before conditioning was found to have the highest predictive value for 1-year relapse (AUC=0.62). The ROC determined cut-off for relapse was 37 pg/ml. An additional analysis was performed to exclude the effect of pre-transplant chemotherapy on the level of VEGF A before conditioning. Neither time from diagnosis to HSCT (p=0.83), number of previous chemotherapy courses (p=0.12), number of high-dose chemotherapy courses (p=0.82), previous HSCT (p=0.11) or time from the last chemotherapy course (p=0.28) significantly effected the level of VEGF A.
Early NRM was best predicted by VEGF A level after conditioning (AUC=0.67). The determined cut-off value was the limit of quantification (<7.8 pg/ml). On the contrary, late NRM was not predicted by VEGF A concentrations with AUC<0.5 at all time points.
For CECs, early relapse was best predicted by level after conditioning ( AUC=0.62) with a cut-off 87 cells/ml. Level of CECs before conditioning was both predictive for 1-year (AUC=0.66) and late NRM (AUC=0.54) with a cut-off value of 38 cells/ml. As with VEGF time from diagnosis to HSCT (p=0.34), number of previous chemotherapy courses (p=0.40), number of high-dose chemotherapy courses (p=0.58) or time from the last chemotherapy course (p=0.25) were not significantly effecting the pre-transplant level of CECs.
As based on these results, we selected pre-transplant VEGF A level and day 0 CEC level to be tested in Kaplan-Meier survival analysis of relapse incidence, and day 0 VEGF along with pre-transplant CEC levels for NRM analysis.
Predictive value of VEGF for relapse and non-relapse mortality Patients with pre-conditioning level of VEGF A >37 pg/ml had significantly higher 1-year relapse incidence (55% vs 22%, p=0.001, HR 3.15, 95%CI 1.34-7.40, figure 1 ). Also patients VEGF A after conditioning <7.8 pg/ml demonstrated a trend to lower non-relapse mortality (17% vs 35%, p=0.10, Fig. 1) . In a multivariate analysis VEGF A >37 pg/ml was a significant factor associated with relapse (HR 3. Table 2 . Multivariate analysis of relapse incidence and non-relapse mortality (whole group)
Predictive value of CECs for relapse and non-relapse mortality
Univariate analysis with previously determined cut-off value showed patients with CEC level after conditioning >87 cells/ ml had higher relapse incidence (60% vs 21%, p<0.001), but in multivariate analysis it was not a significant factor (p=0.09, table 3). So CECs was not an independent predictive marker of relapse, but rather demonstration the increased endothelial damage in patients with high-risk disease. This was confirmed by the fact that level >87 cells/ml was significantly more often observed in patients with active disease at the time of the alloHSCT (80% vs 20%, p=0.032).
Univariate analysis of NRM confirmed that patients with pre-conditioning level of CECs >71 had increased risk of transplant-related death during the first year (69% vs 20%, p=0.001), while the incidence of late NRM was not significantly different (0% vs 5%, p=0.70). Nevertheless, in multivariate analysis the differences in 1-year NRM were also not significant (95%CI 0.84-5.76, p=0.102, table 3). Regarding results of multivariate analysis of CEC as the predictive marker, the statistical power of the models was relatively low due to small number of patients with CEC measured, so with a larger group of patients, the CECs as the covariate might reach the significant level.
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Association between level of VEGF A and CECs
The interesting result of the analysis was that there was no correlation between pre-transplant level of CECs and VEGF (p=0.81), as well as for after conditioning (p=0.74) and engraftment levels (p=0.59). But when the cut-off levels of CEC (>71 cells/ml) and VEGF (<7.8 pg/ml) that predicted NRM were tested, in patients with high CEC level pre-conditioning VEGF was significantly more frequently elevated on day 0 (83% vs 51%, p=0.036).
Discussion
In this study we confirmed the prognostic significance of endothelial damage markers for non-relapse mortality. As expected, these markers allow to predict only early, but not late mortality. This is due to the fact that late NRM is mostly associated with chronic GVHD or infections related to impaired immune system [26] . The factors that influence development of chronic GVHD and immune reconstitution are mostly immunologic and are associated with patient-donor major or minor HLA-antigen disparity and trigger these events in the late post-transplant period [3, 24] . On the contrary, in an early post-transplant period endothelial dysfunction plays a role in a number of acute complications. In our study due to small number of patients it was impossible to establish relationship between endothelial damage and all of the complications, but as we previously reported elevation of VEGF and CEC levels was closely related to development of VOD [19, 20] . Likewise, a number of studies demonstrated association between endothelial damage and acute GVHD [14, 15, 18] , and it was demonstrated in non-transplant patients that endothelial dysfunction results in higher incidence of infectious complications and worse prognosis in patients with sepsis [22, 31] .
In this study we found out that VEGF is predictive for NRM after conditioning, while CEC -when measured before conditioning. So different endothelial damage markers may represent different aspects of endothelial damage and are elevated variable time after a damage occurs. This was confirmed in our study by absence of correlation between VEGF and CEC, and only more sophisticated methods revealed association between these two biomarkers. So VEGF A is secreted a large variety of cells, including endothelial and blood mononuclears. It is eliminated via cleavage with serum proteases and binding to either soluble or cellular VEGF receptors. But also a large proportion of VEGF is bound to extracellular matrix (ECM) heparin sulfate proteoglycans. In response to endothelial and tissue damage ECM-bound VEGF is cleaved from proteoglycan complex and released into circulation to facilitate reparation. What is important is that activity of serum proteases in terms of VEGF elimination is insufficient to decrease its level in situations of its extensive release from ECM. But its levels in plasma return to normal values very rapidly, within hours, if there are no continuous stimuli [9, 28, 32] . Hence, VEGF A level in plasma represent the acute phase of endothelial damage, that is why the time-point post-conditioning is of highest predictive value. CEC levels, on the other hand, represent chronic endothelial damage and are present in circulation for a longer period of time than VEGF. That is why it is a valuable tool to predict complications in diabetes and cardiovascular disorders [3, 7] . Marginally significant predictive value of CEC in multivariate analysis may not indicate that this is less valuable prognostic marker, but may be a result of a smaller number of patients in whom it as measured. In summary, different endothelial damage markers complement each other and in further clinical research should be used in combination.
Another aspect of our study was a dual role of VEGF. Besides its role as endothelial damage biomarker, it is also a disease risk factor in hematologic malignancies [1, 5, 6, 11, 33, 34] . We have demonstrated that it is also a factor of adverse disease prognosis in HSCT, but it is important that there were no differences in OS respective to pre-transplant VEGF level. Successful salvage post-transplant chemotherapy and donor lymphocyte infusions, at least in some patients from the high-VEGF A group, demonstrates a potential utility of graft-versus-leukemia effect to overcome this factor of resistance. Allogeneic HSCT is considered a treatment of choice for high-risk disease in patients with acute leukemias, myelodysplastic syndrome, chronic myeloid leukemia and lymphomas [23, 36] . As standard therapy outcome for these malignancies was reported to be negatively influenced by VEGF A overexpression, further studies are required to determine whether patients with high level of this factor should be candidates for HSCT. Due to very low incidence of late relapses in the study group we failed to demonstrate if there was any influence of VEGF expression on late disease recurrence, so larger studies are required to test this, but given very high incidence of early relapses in our study in the high VEGF group, early post-transplant therapy should be considered for these patients.
Recently, a number of clinical scoring systems were validated to predict risk of alloHSCT, like EBMT risk score [12, 29] or Seattle PAM score [27] . The results of this study show that the endothelial damage markers are of distinct predictive value, irrelevant of clinical parameters. Therefore, further studies are required to evaluate if they could be incorporated into the risk assessment models. In conclusion, peripheral CECs and plasma VEGF levels represent a useful prognostic tool to predict the risk of alloHSCT and disease relapse.
Conflict of interests
No conflict interest is reported.
